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Abstract
Filamentary structures in interstellar molecular clouds have long been recognised as
an important part of the star formation process. Recent studies have confirmed
that dense cores in different stages of star formation are commonly located in the
filaments. Therefore, it is important to study the structure and formation of the
filaments and the cores, to understand the details of the early phases of star formation.
The density structure of molecular clouds can be studied using many different methods
and wavelengths. All techniques have their own drawbacks, and, therefore, it is crucial
to compare the results obtained with different methods. Before making conclusions
on observational data, the observational uncertainties and biases should be evaluated
with simulations. This thesis concentrates on comparing simulations and observations
of the early, prestellar phase of star formation. It consists of five journal articles.
In two of the articles, we use large magnetohydrodynamical simulations followed
by radiative transfer calculations to estimate the observational biases of the properties
of interstellar dust, filaments and cores. We conclude that for normal stable cores the
derived core masses are precise to some tens of percent, using correct assumptions
of the dust properties. For high-density cores, the derived masses can be severely
underestimated, up to one order of magnitude. However, an internal radiation source
can make the dust in the core centre visible again, diminishing the observational
bias. We also estimate the observational biases of dust emissivity properties. The
parameters describing the filament cross-section, i.e. profile, are sensitive to noise
but, for nearby clouds, can be determined with good accuracy using, e.g., Herschel
data. However, line-of-sight confusion may complicate the observations, as part of
the observed filaments are not physically continuous structures.
In two of the articles, we compare three observational methods, namely observa-
tions of dust emission, extinction, and near-infrared (NIR) scattering, to study the
properties of interstellar filaments. We conclude that NIR extinction maps can be
used as an alternative or a complementary method to evaluate filament structure.
Direct fits to the extinction of individual stars can also serve as a valuable new tool in
profiling. The filament profile parameters can be best constrained by combining ob-
servations of dust emission and extinction. NIR scattering can be a useful method to
produce high-resolution maps even in relatively large areas, at the scale of a complete
filament. However, observations of scattered NIR light can be complicated.
In the last article, we use multiwavelength observations to study the high Galactic
latitude cloud L1642. The cloud reveals a more complex structure and sequence of star
formation than previously known. Our results also demonstrate the importance of
combining sub-millimetre Herschel data with millimetre Planck data in constraining
the estimates of dust properties.
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Chapter 1
Introduction
Interstellar molecular clouds, consisting of gas and dust, have long been known to
have internal structure in the form of filaments, which are closely linked to the star
formation process (e.g., Elmegreen & Elmegreen 1979; Schneider & Elmegreen 1979;
Bally et al. 1987). Recent Herschel observations and ground-based surveys have
confirmed that filaments are a common structure within dense interstellar clouds,
and that prestellar cores and protostars are preferentially situated along these fila-
ments (e.g., Men’shchikov et al. 2010; André et al. 2010; Arzoumanian et al. 2011;
Juvela et al. 2012c). Therefore, it is important to study the structure and formation
of both filaments and cores in different stages, to understand the complete process of
star formation.
At large scales, star formation studies range from galaxies to giant molecular
clouds (GMCs) with their substructures. At small scales, the range is from dense cores
to protostellar systems. The major dynamical processes involved in star formation are
turbulence, magnetic fields, thermal pressure, and gravity (e.g., McKee & Ostriker
2007; Bergin & Tafalla 2007). The full influence of these factors, especially of the
turbulence and the magnetic fields, is not yet completely clear. However, recent
observations and simulations seem to support the following scenario: turbulence is the
main force creating long, interstellar filaments, in which gravitational fragmentation
leads to the formation of dense cores, and eventually stars (see, e.g., André et al.
2013, for a review).
In general, the star formation process is divided to low-mass (< 8 M) and high-
mass (> 8 M) star formation, as the two are expected to have differences. The
low-mass star formation is understood better, whereas high-mass star formation still
has more open questions (e.g., Bergin & Tafalla 2007). This thesis concentrates on
low-mass star formation, although similar methods could be used to study also high-
mass star formation.
In the low-mass star formation process, the filaments are assumed to fragment
gravitationally leading to the formation of prestellar cores and, part of them, even-
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tually to young stellar objects (e.g., Inutsuka & Miyama 1997; Myers 2009; Heitsch
et al. 2011). In the prestellar cores, thermal pressure of the gas supports the core from
gravitational collapse (e.g., Bergin & Tafalla 2007). The gas in the core is cooled by
molecular line radiation, effecting directly the temperature dependent thermal pres-
sure. When thermal pressure and other affecting forces cannot support the gravity,
the core collapses, and begins to form a protostar.
The initial conditions of the cold cores in molecular clouds are linked to many cen-
tral aspects of star formation, e.g., stellar mass distribution, star formation efficiency,
and the difference between clustered and isolated star formation. To understand the
early stages of star formation, it is crucial to study the cold, prestellar cores. Molec-
ular clouds can be studied with several methods. Molecular line observations provide
information of the column density structure, temperature, and the kinematics of the
gas. However, in cold and dense environments such as the cores, many common
molecules have frozen on the dust grains. This complicates the analysis of molecular
line observations. Far-infrared (FIR) and sub-millimetre (submm) dust emission can
be used instead, as the dust in the clouds and the cores has its emission peak at these
wavelengths. Also near-infrared (NIR) extinction and scattering provide means to
map molecular clouds. Observing methods are described in more detail in Chapter 3.
As different observing methods have their own, independent errors in their tem-
perature and column density estimates, it is necessary to compare the results of
different methods. Observational biases can also be evaluated using simulations. The
aim of this thesis is to study the different stages of (low-mass) star formation, from
dust properties to filaments, cores and young stellar objects, using both observations
and simulations. Specifically, we compare different observing methods, observations
of dust emission, extinction, and scattering, and evaluate the observational biases
by combining large, three-dimensional (3D) magnetohydrodynamic simulations and
radiative transfer calculations.
This thesis is relevant to Galactic studies made especially with Planck (Tauber
et al. 2010) and Herschel (Pilbratt et al. 2010) satellites. The results from Herschel
observations have already shown unprecedentedly detailed images of star forming re-
gions containing a complex hierarchy of filaments and large amounts of new detections
of cores in different stages of star formation (e.g., André et al. 2010; Bontemps et al.
2010; Juvela et al. 2010, 2012c; Könyves et al. 2010; Molinari et al. 2010; Ward-
Thompson et al. 2010). Before making conclusions of the results, it is important to
evaluate the uncertainties and possible sources of bias in the properties derived from
the observations.
This thesis consists of five original journal articles and an introductory part. The
relevant theory of interstellar medium and star formation is presented in Chapter 2.
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Chapter 3 gives a summary of the observational methods used in star formation
studies, and describes in more detail the methods used in the articles. Chapter 4
gives an introduction to the simulation methods used in the thesis. The articles, and
the author’s contribution, are summarised in Chapter 5. Concluding remarks are
given in Chapter 6.
Chapter 2
Interstellar medium and star
formation
This Chapter presents the main theoretical aspects relevant to the thesis, regarding
the interstellar medium and the process of (low-mass) star formation. The text is
mainly based on review articles (Draine 2003a; Mac Low & Klessen 2004; Bergin &
Tafalla 2007; McKee & Ostriker 2007; Kennicutt & Evans 2012; André et al. 2013) and
basic textbooks (e.g., Karttunen et al. 2003; Stahler & Palla 2005; Ward-Thompson
& Whitworth 2011), unless otherwise noted.
2.1 Composition of interstellar medium
Already Herschel (1785) observed dark, starless patches on the sky, but these were
recognised as dark clouds only in the early 20th century (e.g., Hartmann 1904; Barnard
et al. 1927; Trumpler 1930). Later, Bok (1948) associated dark clouds with star
formation.
The space between stars within a galaxy is filled by interstellar medium (ISM),
consisting of gas, dust grains, and charged particles (protons, nuclei and electrons)
called cosmic rays. Approximately 10–15 % of the visible mass of the Milky Way
(often simply called Galaxy) consists of ISM. Most of the ISM is in gas phase, as only
∼ 1 % of the ISM mass consists of dust. Approximately 90 % of the ISM particles are
hydrogen (H), 10 % helium (He), and only a small fraction heavier elements (’metals’).
A large part of the heavier elements is in dust grains. ISM is warmed up, e.g., by
incoming radiation, cosmic rays, and collisions between dust and gas particles, and
cooled down when gas and dust emit radiation.
The gas exists in separate phases in the ISM. Most of the Galaxy volume is filled
by hot ionised gas, having high temperature (T ∼ 106 K) and low particle density
(n ∼ 10−3 cm−3). Approximately one third of the volume is filled by warm neutral
and ionised gas, mainly H I and H II, (T ≤ 10000 K, n ∼ 0.01− 1 cm−3). Only a few
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percent of the volume is cold neutral gas, mainly H I, (T ∼ 80 K, n ∼ 20− 50 cm−3).
Less than 1 % is filled by cold molecular gas (T ∼ 10− 20 K, n ∼ 104 cm−3).
Despite the low filling factor, the dense molecular gas contains ∼ 20 % of the
total gas mass. H2 and CO are the most common molecules, but more than a hun-
dred molecular species have been found through spectroscopic observations. The gas
is cooled by the line emission of the molecules, especially CO. Molecular gas is dis-
tributed in discrete clouds of different sizes, from giant molecular clouds, through
intermediate size clumps, to small and dense cores. Bergin & Tafalla (2007) give size
ranges 2–15 pc, 0.3–3 pc, and 0.03–0.2 pc to dark clouds, clumps, and cores, respec-
tively. The clouds are typically very cold, T ∼ 10–20 K (e.g., Goldsmith 1987) and
gravitationally bound (e.g., Myers 1987). Star formation occurs in the dense and cold
regions of molecular clouds. In the densest prestellar cores the density can increase
to values n ≥ 105 cm−3 and the temperature fall even below 10 K (e.g., Harju et al.
2008).
Dust grains consist mostly of silicates and carbonaceous material, but current
dust models take into account also the effects of polyaromatic hydrocarbon (PAH)
molecules (Draine 2003a). Grain sizes vary between ∼ 0.35 nm and ∼ 1 µm, with
a typical grain radius being ∼ 0.1 µm. The grain size is expected to grow in dense
molecular clouds, as dust grains get covered with ice mantles and coagulate into larger
grains (e.g., Ossenkopf & Henning 1994; Kruegel & Siebenmorgen 1994; Stepnik et al.
2003). When analysing observations or making simulations, one needs a model for the
dust populations. Several dust models have been presented for diffuse clouds (e.g.,
Draine 2003b; Draine & Li 2007; Desert et al. 1990; Compiègne et al. 2011). For dense
cloud cores, in which grain size has increased, the dust model of, e.g., Ossenkopf &
Henning (1994) can be used.
Even though the fraction of dust in the ISM is small, it has many features that
make it important both in the formation of stars and in the observations of star
forming regions. First, dust has a crucial role in the interstellar chemistry. Many
molecules, and especially H2 form on dust grains (e.g., Hollenbach & Salpeter 1971).
Dust grains also shield molecules from photodissociation caused by ultraviolet (UV)
radiation (e.g., van Dishoeck & Visser 2011). Second, dust acts as a cooler in molecular
clouds. FIR thermal emission of the dust grains is an efficient cooler of the dense cloud
cores (e.g., Doty & Neufeld 1997). Also, dust blocks the starlight coming to the cores,
thus reducing the external heating. Third, gas and dust are found in the same regions
and their distributions are closely correlated at large scales (e.g., Jenkins & Savage
1974; Bohlin 1975; Kim & Martin 1996). However, the correlation is not necessarily
valid at very small scales (Thoraval et al. 1997, 1999). Fourth, dust interacts with
radiation in many ways, as described in Section 2.3, meaning that it can be observed
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in several ways. Thus, dust can be used as a tracer to observe the total mass of the
clouds, as shown in Chapter 3.
In this thesis, we study mainly two molecular clouds, an area next to TMC-1
cloud in the Taurus molecular cloud complex and the high Galactic latitude cloud
L1642 (Lynds 1962). These are both close-by star forming regions, at a distance of
∼ 140 pc. Taurus is one of the most studied clouds (see, e.g., Cambrésy 1999; Nutter
et al. 2008; Goldsmith et al. 2008; Pineda et al. 2010; Schmalzl et al. 2010; Lombardi
et al. 2010; Kirk et al. 2013; Palmeirim et al. 2013, and their references) and it is
situated at relatively high Galactic latitude. Due to high latitude and small distance,
the contamination by foreground dust and stars is low, making these objects suitable
for studies of interstellar medium and star formation.
2.2 ISM cycle and star formation
This section summarises the main features of the life cycle of the ISM and the star
formation process. Review articles (e.g., Bergin & Tafalla 2007; McKee & Ostriker
2007; Kennicutt & Evans 2012; André et al. 2013) give a more detailed description
of the various processes involved, especially regarding the aspects not covered here,
e.g., chemistry, high-mass star formation, and star clusters.
Star formation has an important part in the life cycle of the ISM, as most heavy
elements are formed in stars. ISM is unevenly distributed, as denser and colder
regions, in the form of molecular clouds, take only a small fraction of the volume
mostly filled with diffuse and hotter gas. Molecular clouds contain internal structures,
elongated filaments and dense condensations of matter, cold cores. Star formation
takes place in these dense and cold regions. An example of a star forming filament
is shown in Fig. 2.1. When a core becomes gravitationally unstable, it collapses
to form first a protostar and eventually an actual star where fusion reactions form
heavier elements. Massive stars form most of the heavy elements and, at the end of
their relatively short lifespan, they explode as supernovae spreading the new elements
to the ISM. Low-mass stars end up releasing their outer layers to the ISM cycle as
stellar winds form an expanding emission nebula. The inner core forms a dense white
dwarf. The turbulence caused by stellar winds and supernova explosions then creates
new condensations for the cycle. Very low mass cores (≤ 0.08 M) never have high
enough temperature to start nuclear reactions, and they end up to form long-lasting
planet-like brown dwarfs. A sketch of the ISM and star formation cycle is shown in
Fig. 2.2.
The main interacting forces in the star formation process are gravitation, turbu-
lence, magnetic pressure, rotation, and gas pressure (e.g., McKee & Ostriker 2007;
Bergin & Tafalla 2007). Turbulence means the irregular, but constrained, motion
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Figure 2.1: Three-colour image of the star forming region G82.65-2.00. The colours
red, green, and blue correspond to Herschel data at wavelengths 160, 250, and 500
µm. The filament can be seen as a blue web and the stars forming inside it as white
points. The distance to the cloud is ∼ 1 kpc and the length of the filament is ∼ 20 pc.
Figure credit: Galactic Cold Cores project.
Figure 2.2: Sketch of the ISM and star formation life cycle.
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of matter, in this case of interstellar matter. Turbulence has two roles in the star
formation process. Firstly, it creates overdensities, which can then undergo gravita-
tional collapse. Secondly, turbulence can act as a counterforce to gravitation slowing
down or completely preventing collapse in some of the same areas. Simulations have
shown that filaments can form as a result of interstellar turbulence (e.g., Padoan &
Nordlund 2011), but also triggering by supernova explosions and stellar winds and
radiation from massive stars can have a significant effect on their formation (e.g.,
Peretto et al. 2012). Magnetic fields affect the charged particles of the ISM through
Lorenz force. Earlier theories have supported the view that magnetic pressure acts
as a counterforce to gravity, supporting the cores against collapse (e.g., Shu et al.
1987). The complete theory of the importance of these different forces, especially the
turbulence and the magnetic pressure, is not yet clear. However, the current view
seems to support the scenario in which turbulence is the main force creating filaments
and gravitational fragmentation leads to the formation of dense cores (see, e.g., André
et al. 2013, for a review).
Prestellar cores start to collapse when gravity surpasses the thermal pressure and
other forces supporting the core. The collapse to a protostar is relatively fast, taking
less than a million years. During that time, the density and temperature of the core
increase. In the beginning, the surrounding dust and gas form an envelope around
the protostar. As the process continues, the surrounding envelope diminishes as the
matter collapses into the core or is later dispelled by the radiation pressure. In later
stages of evolution only a thin layer of a protoplanetary disk remains. Protostars,
or young stellar objects (YSOs) are often classified to five classes based on their
evolutionary stage. Observationally this is done using the slope of the observed NIR–
mid-infrared (MIR) (∼2–24 µm) spectral energy distribution (SED), i.e., spectral
index
α =
d log νFν
d log ν
=
d log λFλ
d log λ
. (2.1)
In the equation, Fν gives the flux as a function of frequency, ν, and Fλ gives the flux
as a function of wavelength, λ (Lada 1987; Greene et al. 1994; Andre et al. 1993).
The surrounding material emits at infrared wavelengths, causing excess emission com-
pared to a normal black body object. Class 0 objects represent the earliest phase of
protostellar evolution. They can be identified using longer wavelengths but remain
undetectable at λ < 20 µm. The other classes and criteria are: Class I (α > 0.3), Flat
spectrum (0.3 > α > −0.3), Class II (−0.3 > α > −1.6), and Class III (−1.6 > α).
These are believed to characterise the evolutionary sequence, starting from Class 0
YSOs, deeply embedded in the surrounding dust, and going through Class I, Flat
spectrum, and Class II phases with a decreasing amount of NIR–MIR excess caused
by circumstellar material, finally to Class III YSOs with only a small amount of NIR
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excess attributed to the residual disk. Examples of the SED and physical structure
of a prestellar core and different protostar classes are shown in Fig. 2.3. However, the
observing direction complicates the classification system, as a YSO can be seen from
any direction. Also, stars are often formed in binary systems, further complicating
the SED interpretations.
The evolution and many properties of a star are mostly determined by the initial
mass of the star. Thus, it is important to study the mass distribution or mass spec-
trum of stars. A mass spectrum gives the number of cores as a function of the core
mass. The stellar initial mass function (IMF) gives the mass distribution of a stellar
population. Understanding the evolution of the IMF is a fundamental question in
star formation studies (see Offner et al. 2013, for a recent review). The IMF seems
to have a similar shape as the observed core mass function (CMF), the distribution
of prestellar core masses (e.g., Motte et al. 1998; Johnstone et al. 2000; Enoch et al.
2008; André et al. 2010). However, the connection between the CMF and the IMF is
still an open question.
2.3 Interaction of radiation and dust
Information of astrophysical objects is obtained through observations of electromag-
netic radiation. Gas and dust interact with radiation in several ways. To be able to
interpret the observations correctly, it is important to understand these processes. In
the thesis, we concentrate on the effects of dust.
The interstellar radiation field (ISRF) is composed mainly of the radiation coming
from the cosmic microwave background (CMB), dust, PAHs, stars and hot gas. The
relative strength of the components depends on the location. These components and
the wavelength ranges in which they emit most radiation are shown in Fig. 2.4 for
the solar neighbourhood. The wavelength corresponding to the maximum intensity
is inversely correlated to the temperature. The coldest component, CMB, emits at
long wavelengths (low frequencies), and the hottest component, hot gas, at short
wavelengths (high frequencies). ISRF can be described, e.g., with the model of Mathis
et al. (1983).
Dark clouds can be seen as dark patches against the background sky of stars. Even
though dark clouds consist mostly of molecular gas, it is the dust grains that absorb
or scatter most of the light, causing extinction. In absorption, the incoming photon
energy is converted to heat, i.e., the energy is re-emitted at another wavelength, as
FIR radiation. In scattering, the wavelength stays the same, but the direction is
changed because of diffraction.
Already Trumpler (1930) showed that the light of a star is reddened, when it comes
through ISM. Dust grains scatter most efficiently at wavelengths close to the size of
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Figure 2.3: SED and physical structure of a prestellar core and different protostar
classes.
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Figure 2.4: Sketch of the components of the interstellar radiation field in the solar
neighbourhood. Intensity is shown in erg/cm2/s/Hz/sr units. OB stars are hot and
massive stars which radiate strongly at UV wavelengths. Figure credit: Tielens (2005)
(Fig. 1.8).
the grain. As the dust grains are small, the extinction is more efficient at shorter
(bluer) than at longer (redder) wavelengths. Thus, the longer the distance through
ISM, the redder the star appears. In general, reddening means that the observed
intensity is stronger at the longer wavelengths than at the shorter ones. Examples of
extinction and reddening are shown in Fig. 2.5.
The amount of extinction depends both on the dust properties and the wave-
length of the radiation. The wavelength dependence of extinction, i.e., the extinction
curve, can be determined by observing the extinction towards a star at several wave-
lengths (e.g., Savage &Mathis 1979; Cardelli et al. 1989). Fitzpatrick (1999) suggested
a slightly modified extinction curve, although in the NIR range the changes are small.
The extinction law is an important factor, both when studying dust properties and
when estimating extinction based on the colours of stars, as shown in Section 2.3.1.
An example of an extinction curve is shown in Fig. 2.6 (left).
Scattering can be described with two main parameters. Albedo describes what
fraction of the extinction is caused by scattering, and it depends on frequency and
grain properties. The asymmetry parameter g describes the general angular distribu-
tion of scattered photons. Value g = 1 means that the direction of the scattering is
fully forward, and value g = −1 means full backward scattering. Henyey & Green-
stein (1941) found that interstellar dust grains scatter mostly forwards and have rather
large albedos.
In diffuse regions and low-density clouds, the dust grains are heated mostly by
absorbing UV photos coming from stars. The grains react to radiation depending on
their size (e.g., Draine & Li 2001). Large grains (> 0.02 µm) are less affected by a
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Figure 2.5: Visible and NIR colour composite images of the dark cloud Barnard
68. (Left) Bands B (0.44 µm), V (0.55 µm), and I (0.90 µm) are depicted with
colours blue, green, and red, respectively. Extinction makes the cloud opaque at
these wavelengths. (Right) Bands B, I, and K (2.2 µm) are depicted with colours
blue, green, and red. The cloud is transparent at the longest wavelength band K
showing the background stars. Bands B, V , and I were observed with ESO’s Very
Large Telescope (VLT) and K with ESO’s New Technology Telescope (NTT). Figures
were presented in Alves et al. (2001). Figure credit: ESO PR Photo 02c/01.
single photon, but they are hit more often, leading to a steady temperature, ∼ 10–20
K. Small grains (< 0.02 µm) are heated strongly with a single photon, but they cool
down before another hit. The dust grains re-emit the absorbed energy at different
wavelengths depending on the temperature. Large grains emit mainly in the FIR–
submm wavelengths, ∼ 60–800 µm. Most of the emission from small grains takes place
when they are transiently heated to high temperatures. They emit at correspondingly
shorter wavelengths, complicating the interpretation of FIR observations ≤ 100 µm.
The effect of different dust components on the dust emission spectrum is shown in
Fig. 2.6 (right).
Initially unpolarised starlight gets linearly polarised when it travels through a
dust cloud (e.g., Hall 1949; Hiltner 1949). In this case, the polarisation vector points
to the projected magnetic field direction. The thermal dust emission at FIR is also
polarised, but perpendicular to the magnetic field lines (see, e.g., Lazarian 2007, for a
review). This implies that grains are elongated and aligned, as they absorb and emit
more efficiently along the long axis. Therefore, polarisation can be used to study
magnetic fields in molecular clouds. However, the polarisation degree declines in the
dense cores (e.g., Goodman et al. 1992; Gerakines et al. 1995).
Because of the many effects that dust has on radiation, the structure of molecular
clouds can be studied with the help of dust, as described in Chapter 3. The main
theoretical background to understand the different observing methods and the articles
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Figure 2.6: Properties of dust models. Extinction curves based on Fitzpatrick (1999)
(left). Aλ is the extinction at wavelength λ. The wavelength of band IC is 0.802 µm.
Figure credit: Draine (2003a) (Fig. 1), reproduced with permission of ARAA. Dust
emission spectrum of the Desert et al. (1990) model for different dust components
(right). Figure credit: Desert et al. (1990) (Fig. 4), reproduced with permission of
A&A and ESO.
is presented in Sections 2.3.1, 2.3.2 and 2.3.3.
2.3.1 Extinction and the colour of stars
The brightness of a star is often expressed in magnitudes, which depend logarithmi-
cally on the observed flux density. The difference between the apparent magnitude
mi observed at distance r and the absolute magnitude Mi of a star (defined as the
apparent magnitude at distance r = 10 pc without extinction) in band i is given by
the equation
mi −Mi = 5log10
r
10pc
+Ai, (2.2)
where the relation between the extinction caused by the intervening medium, Ai, and
optical depth τi in band i is given by
Ai = (2.5log10e)τi ≈ 1.086τi. (2.3)
Colour excess between bands i and j, Ei−j, is defined as
Ei−j = (mi −mj)− (Mi −Mj)0 = Ai −Aj = (dij − 1)Aj ≈ 1.086(dij − 1)τj , (2.4)
where mi −mj is the colour index or colour of the star and (Mi −Mj)0 the intrinsic
colour. The scale factor dij = Ai/Aj gives the ratio of the extinctions in bands i and j,
and can be obtained assuming a form to the extinction law, e.g., as given in Cardelli
et al. (1989). Again, with the help of the extinction law, Aj can be converted to
extinction in the visual band, AV. This can be transformed into hydrogen column
density with the commonly used (although not a universally valid) relation of Bohlin
et al. (1978),
N(HI + H2) = 9.4 × 10
20 ×AV [cm
−2]. (2.5)
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These equations show how the reddening of the colour is related to the optical depth
and the column density of the interstellar medium.
The shape of the extinction curve in the optical region is often parameterised
using the ratio of the extinction in the V band and the colour excess between the B
and V bands, as
RV =
AV
AB −AV
=
AV
EB−V
. (2.6)
In diffuse regions the standard value is RV ≈ 3.1 (e.g., Cardelli et al. 1989), but the
value can vary at least between 2.1 and 5.8, usually being higher in dense regions (e.g.,
Welty & Fowler 1992; Cardelli et al. 1989).
2.3.2 Radiative transfer in dust continuum
This section describes the derivation of a simplified radiative transfer function, as it
is used when interpreting the observations of dust continuum emission. The Planck
radiation law for black body emission,
Bν(T ) =
2hν3
c2
1
ehν/kT − 1
, (2.7)
gives the intensity Bν in which a black body in temperature T radiates at frequency
ν. In the equation, h is the Planck constant, c the speed of light, and k the Boltzmann
constant.
When radiation travels through interstellar dust clouds, it is affected by three pro-
cesses: absorption, emission, and scattering. Presuming that the effect of scattering
is small, and the medium both emits and absorbs radiation, the change of intensity
Iν along a single line-of-sight is
dIν = νdr − ανIνdr, (2.8)
where the first term on the right hand side gives the increase of intensity caused by
emission and the second term the decrease of intensity caused by absorption, when
the radiation travels the distance dr. The emission coefficient ν gives the emitted
intensity per distance. The absorption coefficient αν [cm−1] (sometimes also called
opacity) gives the relative absorbed intensity per distance. Both coefficients depend
on the frequency ν. Equation 2.8 gives the radiative transfer equation in differential
form.
The change of optical depth dτν is defined as
dτν = ανdr. (2.9)
The optical depth τν along the line-of-sight can be written as
τν =
∫
ανdr =
∫
κdνρdr = κ
d
νΣd, (2.10)
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where κdν is the absorption coefficient per dust mass [cm
2/g] (also called opacity and
usually marked without the upper index as κν), ρ the dust density [g/cm3], and Σd
the surface mass density of dust [g/cm2]. The last equation assumes that opacity is
constant along the line-of-sight.
When we define the source function Sν as
Sν =
ν
αν
, (2.11)
we can derive the formal solution of the radiative transfer equation
Iν(τν) =
∫ τν
0
Sν(τν)e
−τνdτν + Iν(0)e
−τν . (2.12)
Here, Iν(0) is the intensity coming to the cloud, and Iν(τν) the intensity coming
out of the cloud. If we make the following assumptions: i) the cloud is isothermal
(source function Sν = Bν(T ) is constant), ii) the background radiation is discarded
(Iν(0) = 0), iii) the emission is optically thin (τν  1), and iv) the dust opacity follows
a power-law κdν ∼ ν
β where the spectral index β depends of the dust properties (see,
e.g., Schwartz 1982), the observed intensity of dust at temperature T is
Iν = Bν(T )(1− e
−τν ) ≈ Bν(T )τν = Bν(T )κ
d
νΣd ∝ Bν(T )ν
β. (2.13)
The assumptions iii) and iv) are generally valid at the FIR–submm wavelengths. The
equation is called the modified black body (MBB) law.
2.3.3 Emissivity of interstellar dust
Dust emissivity, the ratio between emitted intensity and column density, describes
how well dust emits radiation in FIR. A related, and more often used dust property
is σν , the dust opacity per H atom
σν = τν/NH = µmHRdκ
d
ν , (2.14)
in units of [cm2/H]. In the equation, µ is the mean particle weight per H nucleon
(∼ 1.4), mH the mass of the H atom, and Rd the dust-to-gas mass ratio (assumed to
be ∼ 1/100 in the Milky Way). Also κgν = Rdκdν , the dust absorption coefficient per
gas mass in units of [cm2/g], is often called opacity. As shown, the term opacity is
used in several different meanings, and often in the literature they are all, confusingly,
simply marked as κν .
As shown by Eq. 2.13, the column densities and mass estimates derived from dust
emission observations are directly affected by two parameters, dust emissivity spectral
index β and dust opacity. Especially errors in the assumed opacity can bias the mass
estimates.
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The value of the dust opacity is expected to change between regions, as the abun-
dance of different types of dust and the grain size distributions are changed. At the
submm wavelengths, the opacity variation is expected to be most prominent in the
densest and coldest parts of the clouds, as the dust grains become covered with ice and
coagulate into larger grains (e.g., Ossenkopf & Henning 1994; Kruegel & Siebenmor-
gen 1994; Stepnik et al. 2003; Ormel et al. 2011). In diffuse regions at high Galactic
latitudes, the usual standard value for dust opacity is σ(250µm) ∼ 1.0× 10−25cm2/H
(e.g., Boulanger et al. 1996; Planck Collaboration et al. 2011a). In denser regions,
the derived values are generally 2–4 times larger (see, e.g., Juvela et al. 2011; Planck
Collaboration et al. 2011a; Martin et al. 2012; Roy et al. 2013). However, deriving the
absolute value of opacity is difficult, as an independent, reliable column density esti-
mate is needed. Modelling is necessary for the estimation of the complex observational
biases caused by noise, temperature and dust property variations.
The main interest in the relation of T and β is due to that it can reveal important
information on the intrinsic size distribution, structure, and chemical composition of
dust grains (e.g., Ossenkopf & Henning 1994; Kruegel & Siebenmorgen 1994; Men-
nella et al. 1998; Meny et al. 2007; Compiègne et al. 2011). Observations have shown
an anticorrelation between T and β (e.g., Dupac et al. 2001, 2003; Hill et al. 2006;
Veneziani et al. 2010). However, the estimation of this relation is complicated, as
noise can produce a similar inverse relation (Shetty et al. 2009a). Also temperature
variations on the line-of-sight can bias the β estimates (Shetty et al. 2009b). When
analysing the observations, a bias in the assumed β would lead to an erroneous tem-
perature and therefore also to biased mass estimates. At large scales, the emissivity
spectral index β has been found to have values centered at ∼ 1.8 (Planck Collabo-
ration et al. 2011a), but also large ranges of varying values have been reported (e.g.,
Paradis et al. 2010; Planck Collaboration et al. 2011b).
Chapter 3
Observing interstellar clouds
This Chapter gives a summary of the most common observing methods used in star
formation studies. The methods used in the thesis are described in more detail.
As shown in Section 2.3, objects or matter in different temperatures have emission
peaks at different wavelengths. Stars emit mostly at UV, optical, and NIR–MIR
wavelengths. The starlight scattered from dust can be observed at these same wave-
lengths. The thermal emission of cold dust has its peak in FIR–submm wavelengths.
The line emission from cold interstellar gas can be observed mostly at millimetre
(mm) wavelengths.
The extinction caused by the molecules in the Earth’s atmosphere blocks large
parts of the electromagnetic radiation. The transparency of the atmosphere depends
on the wavelength of the radiation. UV light and shorter wavelengths, as well as
MIR–submm range and long radiowaves are mostly blocked from Earth. Thus, they
are best observed from space. Transparent windows in optical, NIR and radio ranges
make these wavelengths observable from ground, although the atmosphere can cause
some disturbance.
3.1 Tracers of cloud structure
The density structure of interstellar molecular clouds can be examined using several
methods, all having their own strengths and weaknesses. We summarise some aspects
of different methods here, see, e.g., Juvela et al. (2006) for more details and Goodman
et al. (2009a) for a comparison of several methods. As the clouds consist mostly of
gas, molecular line mapping has long been the main method to study these areas. The
most common molecule, H2, cannot be observed directly in radio wavelengths. Thus,
the easily observed CO and other molecules are used as tracers of the cloud structure.
Line observations give valuable information of the cloud kinematics and temperature,
but the structure of the maps can be affected by abundance and excitation variations.
Interpretation of the molecular line observations is particularly difficult in the densest
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regions where many of the most common molecules are depleted as they freeze on the
dust grains.
Dust makes only a small fraction of the cloud mass, but it provides several ways in
which to study the clouds. These include continuum observations of dust emission at
FIR and submm wavelengths, star counting in the optical and NIR wavelengths, and
the use of colour excesses of background stars to derive an extinction map, similarly
at optical and NIR wavelengths.
Dust emission is considered to be a rather reliable method even in the dense
clouds, particularly at submm wavelengths, where the emission has only a weak dust
temperature dependency. However, dust properties are expected to change especially
in the cold and dense cores, as dust grains get ice mantles and coagulate to form
larger grains (e.g., Ossenkopf & Henning 1994; Ormel et al. 2011; Meny et al. 2007;
Köhler et al. 2011). Changes in the dust emissivity spectral index β and in the dust
opacity can complicate the analysis of the observations, but can also be used as an
indicator of the physical state and evolution history of the objects. However, also
temperature variations along the line-of-sight can cause significant bias in the derived
dust properties (e.g., Shetty et al. 2009b). We study these effects on the core mass
estimates with simulations in Paper I.
The colour excess method gives extinction estimates for a narrow line-of-sight
toward each background star. A continuous extinction map is obtained only by spatial
averaging, which reduces the resolution notably. Also, the scatter in the intrinsic
colours of background stars can cause significant noise.
A more recent, complementary method of studying cloud structure is to map the
surface brightness caused by scattered NIR light. Observations have shown that it is
possible to map this surface brightness even in molecular clouds illuminated by the
normal ISRF (e.g., Lehtinen & Mattila 1996; Nakajima et al. 2003; Foster & Goodman
2006). Foster & Goodman (2006) named this effect ”cloudshine”, describing the glow
of the clouds in NIR. See, e.g., Juvela et al. (2006) for a more detailed history of the
scattered light observations of molecular clouds. Pagani et al. (2010) and Steinacker
et al. (2010) reported that part of the dense cores show scattered surface brightness
at MIR wavelengths, ∼ 3.5 µm, and interpreted this as evidence of grain growth.
Steinacker et al. (2010) named this effect ”coreshine”.
Padoan et al. (2006b) presented a method to estimate column density based on the
scattered NIR surface brightness. Juvela et al. (2006) made estimates of the reliability
of the method using simulations, and developed a technique to combine the scattered
light with extinction data to reduce the bias caused by faulty assumptions of dust or
radiation field properties. Using three NIR bands, J , H, and K, the method can be
used even in regions having AV > 10 magnitudes. The main benefit of using scattered
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light is the potentially very good spatial resolution, at the scale of arcseconds. In all
the other presented methods, the spatial resolution is a few tens of arcseconds, and
often notably worse.
As the NIR observations provide also data of the background stars, an extinction
map can be made using the colour excess method and the two maps can be com-
pared at a lower resolution. As both techniques have their own error sources, the
comparison serves as a check of the reliability of the extinction and column density
estimates. Furthermore, the comparison gives valuable information on the proper-
ties of dust and the radiation field. The differences between the wavelength bands
can help to determine when dust emission from stochastically heated grains starts
to grow. The amount of the emission of these ”Sellgren grains” is dependent of the
radiation field (Sellgren et al. 1996), and its level is still not certain even in normal
molecular clouds. The intensity of the scattered light is highly dependent of the grain
size (Steinacker et al. 2010). Studying these effects can give important clues of the
physical state of cores and can help to refine the interstellar dust models.
In the following subsections, we describe in more detail the methods used in this
thesis for deriving column density, namely observations of dust emission, extinction
based on colour excess, and scattered NIR surface brightness. In Paper I and Paper
III we use simulations to examine the reliability of the column density and mass
estimates that are based on dust emission. We compare observations of dust emission
and extinction in Paper II, and these both with scattered NIR light in Paper IV. We
show multiwavelength observations of a molecular cloud in Paper V, using especially
Herschel data of dust emission.
3.2 Deriving column density from observations of dust
This section describes the details of deriving column density (or optical depth) using
three methods, namely observations of FIR dust emission, extinction based on NIR
colour excesses of background stars, and scattered NIR surface brightness. Examples
of these three methods are shown in Fig. 3.1.
3.2.1 Dust emission
Column density can be derived from dust emission in FIR using Eq. 2.13. If ob-
servations are available at two wavelengths, the dust colour temperature T can be
determined from the ratio of the surface brightness at two wavelengths,
Iν1
Iν2
=
Bν1(T )ν
β
1
Bν2(T )ν
β
2
. (3.1)
The spectral index β has to be fixed to a constant value.
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Figure 3.1: Filament TMC-1N depicted using three different observing methods. Col-
umn density maps derived from Herschel observations of FIR dust emission (left)
and NIR UKIRT/WFCAM observations of colour excesses (middle). Scattered J
band surface brightness (right). Figures are adapted from Paper II (left and middle)
and Paper IV (right).
If observations are available at three or more wavelengths, the colour temperature,
optical depth and spectral index can be derived by fitting the observed intensity with
the MBB law, Eq. 2.13. The free parameters in the fitting are the scaling of the
absolute level of the intensity curve and the colour temperature. The spectral index
β can be either a constant value or a free parameter in the fitting.
After the colour temperatures are derived, the dust surface mass density can be
calculated with Eq. 2.13, leading to
Σd =
Iν
Bν(T )κdν
, (3.2)
in units of [g/cm2]. The column density of H atoms in units of [1/cm2] can be derived
with equation
N(H) =
Iν
Bν(T )µmHRdκdν
=
Iν
Bν(T )σν
, (3.3)
where µ is the mean particle weight per H nucleon (1.4), mH the mass of the H atom,
Rd the dust-to-gas mass ratio (assumed to be ∼ 1/100), and σν the dust opacity per
H atom in units of [cm2/H]. The molecular hydrogen column density N(H2) can be
obtained with Eq. 3.3 by using the mean particle weight per H2 molecule, µ = 2.8
(for a gas consisting of 90 % H2 and 10 % He).
3.2.2 Extinction based on colour excesses of stars
In the early NIR observations, only a small number of stars was detected and the
column density could be obtained by using Eq. 2.4 and estimating the intrinsic colour
by determining the spectral class of each star by spectroscopic observations (e.g., Elias
1978; Frerking et al. 1982; Jones et al. 1984). The improvement of NIR instruments
made it possible to detect large amount of stars, creating a need for a simpler method
to estimate the intrinsic colours.
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Lada et al. (1994) presented a method called NICE (Near Infrared Color Excess
Method), which uses the mean colour of a large amount of stars located in a nearby
area free of extinction as an estimate for the intrinsic colour. The averaging can
be used, as the intrinsic NIR colours of the stars are generally considered to have
relatively small scatter (e.g., Bessell & Brett 1988). The obtained extinction values
for all the individual stars present the distribution of extinction with high spatial
resolution (∼ 1′′–2′′). However, the derived map is undersampled and the stars are
non-uniformly distributed, as the stars behind the densest areas are obscured. A
uniform, well-sampled extinction map can be derived by lowering the resolution, so
that each cell of the map gives the mean extinction of all the stars within that cell.
The NICE method utilises only two bands, usually H andK. The major uncertainties
in the method are caused by photometric errors, the scatter of the intrinsic colours of
the stars and the difficulty of separating foreground stars, which are observed bluer
and bias the extinction estimates downwards.
Lombardi & Alves (2001) generalised the colour excess method to use several
bands simultaneously, leading to the NICER (Near Infrared Color Excess Revisited)
method. In the following, the main points of the method are described using the
notation of the original article. The method does not limit the number or choice of
wavelengths, but often three bands, J , H, and K(s), are used. With these three
bands, one can use two partly independent colours, e.g., c1 = J −K and c2 = H−K.
For each i = 1, 2, the relationship between the observed colour cobsi and the true (or
intrinsic) colour ctri can be written as
cobsi = c
tr
i + kiAV + i, (3.4)
where i is the noise caused by photometric error on the colours. The coefficient
ki = Ei/AV is the ratio of the colour excess in the i band and the extinction in the
V band (k1 = 1/9.35 and k2 = 1/15.87 in the article).
The estimator of the extinction of a single star is given by the linear equation
AˆV = a+ b1c
obs
1 + b2c
obs
2 , (3.5)
where a and bi are constant parameters. The NICER method is based on estimating
the extinction of each star by minimising the variance of this estimator,
Var(AˆV) =
∑
i,j
bibjCovij(c
tr) +
∑
i,j
bibjCovij(). (3.6)
In short, the first covariance matrix gives the scatter in the intrinsic colours and is
shared by all stars. It can be obtained similarily as in the NICE method, by calculating
the scatter of the star colours in a nearby, extinction-free area. The second matrix
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gives the photometric errors and is different for each star. The optimal estimator is
AˆV = b1[c
obs
1 − 〈c
tr
1 〉] + b2[c
obs
2 − 〈c
tr
2 〉], (3.7)
where 〈ctri 〉 are the average colours of the stars in the reference area. The coefficients
bi can be obtained by minimisation, leading to an extinction estimate for each star,
AˆV. See details of the derivation in Lombardi & Alves (2001).
Similar to the NICE method, the final, uniform extinction map is obtained by
spatially smoothing the separate, angularly close extinction estimates. Lombardi &
Alves (2001) present three methods for spatial smoothing: weighted mean, sigma-
clipping, and weighted median. In the basic method, the extinction in direction θ is
calculated as the weighted mean of the extinction estimates close to θ. The weight
function is chosen so that the weight depends on the distance to the centre θ. Usually
a Gaussian function is chosen. The characteristic length of the weight function, full
width at half maximum (FWHM) in the case of a Gaussian, determines the resolution
and the signal-to-noise ratio (S/N) of the derived extinction map. A large length gives
a high S/N and a low resolution, whereas a small length gives a low S/N (a noisy
map) and a high resolution. This method does not take into account the effect of
foreground stars.
If the number of possible foreground stars is significant, they can be removed, at
least partially, by adding a sigma-clipping method or using weighted median instead
of mean. The sigma-clipping method is an iterative process, where the individual
extinction estimates are compared to the local smoothed extinction, and the ones that
differ from the average more than a few σ are removed before repeating the process.
Also the median method removes outliers effectively, but the noise properties are not
easy to study.
The photometric errors in current NIR observations are typically a few percent,
and therefore usually smaller than the scatter of intrinsic colours. This means that
sufficient data for the colour excess method are easy to obtain. The resolution and
the S/N of the extinction map depend on the number of stars detected, meaning that
the quality of the map can be improved with deeper observations. As the stellar
density depends of the Galactic location, a higher resolution can be obtained towards
the Galactic centre than towards the anti-centre or high latitudes.
There are several sources of bias in the colour excess methods. Foreground stars
cause underestimation of the extinction, if they are interpreted to be background
objects. However, in close-by clouds (d ≤ 200 pc), the effect of foreground stars
is though to be insignificant (Lombardi et al. 2008). In high extinction regions, the
foreground stars can be removed efficiently with the methods described above. Intrin-
sically red young stellar objects located inside the cloud could cause overestimation
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of the extinction. They are not easily removed by sigma-clipping, but can be detected
by their unusually red colour or with the help of other data. YSO catalogs are already
available for many regions, and these can be used to remove the YSOs before making
extinction maps, as in Paper II. Another source of bias is caused by the structure
smaller than the characteristic length of the weight function. As stars with lower
extinction are more likely to be detected, the average extinction is underestimated.
Lombardi (2005) studied this bias in detail and concluded that it is less than 0.2 mags
at low extinction areas, but increases to 1 mag at AV = 15 mag.
The NICER method has been used in several types of studies, from wide-field
mapping of molecular clouds to high-resolution mapping of smaller areas, and it has
become the standard method to derive extinction maps (e.g., Kainulainen et al. 2006,
2007; Lombardi et al. 2006, 2008). This method is also used in the articles of this
thesis (Paper II; Paper IV; Paper V).
Several modifications of the basic colour excess techniques have been suggested.
Cambresy et al. (1997) and Cambrésy (1999) used an adaptive grid method, in which
the resolution of the extinction map depends on the local star density, being lower
in the regions of high column density where a large part of the background stars
are obscured. Cambrésy et al. (2002) suggested combining the star count and colour
excess methods. As the star count method works best in high extinction areas and
the colour excess method in low extinction areas, their combination can produce a
better result than either of the techniques separately. Lombardi (2005) developed a
maximum-likelihood method that uses the statistical properties of the colour excesses
and the density of stars to derive an extinction map. Lombardi (2009) improved the
NICER method to a technique called NICEST, which tries to correct the bias caused
by the substructure smaller than the characteristic length of the weight function. Fos-
ter et al. (2008) presented GNICER, which improves the NICER method by including
observations of galaxies. As the colours of galaxies differ from those of stars, they
have to be processed separately. This addition is useful especially at high Galactic
latitudes where a large part of the background objects are galaxies.
3.2.3 Scattered near-infrared surface brightness
Padoan et al. (2006b) presented a method for determining the column density of
interstellar clouds from scattered NIR surface brightness. Juvela et al. (2006) used
simulations to analyse the method and its reliability. They also developed a technique
to combine the scattered intensity with an extinction map, reducing the errors caused
by wrong estimates of the dust properties or the radiation field. The main points of
the methods presented in these two papers are described below.
The method of Padoan et al. (2006b) is based on the standard, one-dimensional ra-
CHAPTER 3. OBSERVING INTERSTELLAR CLOUDS 24
diative transfer equation (see Eqs. 2.12 and 2.13). Assuming a homogeneous medium,
the observed surface brightness I depends on column density N as
I = a(1− e−bN ), (3.8)
where a and b are positive constants having separate values in each band. The con-
stant b converts column density to optical depth τ . This function describes the ra-
diation coming from the cloud on a line-of-sight towards the observer. The method
assumes that the observed surface brightness is mostly scattered light. Instead of the
column density N , also other tracers of structure, such as optical depth τ or extinction
AV can be used, as long as the unit and value of b are changed correspondingly.
When compared to Eqs. 2.12 and 2.13, the parameter a corresponds to the source
function S, and bN to optical depth τ . In Eq. 3.8, the parameter b can be considered
to depend mostly on the NIR dust properties and the parameter a mainly on the
radiation field (Padoan et al. 2006b). However, the interpretation of the parameters
is not that simple, as both are expected to change if the radiation field, the cloud
structure or the dust properties change (Juvela et al. 2006). Eq. 3.8 is exact only for
a homogeneous cloud where the radiation field intensity is constant, and can therefore
be used only as an approximation in real clouds. Both a and b can be used as empirical
parameters, as long as the model fits the observations.
In low optical depth regions, the intensity of scattered NIR light depends directly
on the column density,
I = abN. (3.9)
The product ab depicts the scattered light per column density. In higher optical depth
regions (AV ∼ 5, 10, or 20 mag for J , H, and K bands, respectively), the scattered
intensity starts to saturate, leading to a more non-linear relation. Even then, the
column density can be estimated using Eq. 3.8, as the curvature starts at different
points in each band. If the parameters a and b are known, based on observations of
other similar objects or simulations, the column density can be derived using each
band separately.
Equation 3.8 is not necessarily a perfect function to describe the relation between
intensity and column density. However, it can be used as an empirical function to
derive column densities, as long as it fits the data. Simulations (Padoan et al. 2006b;
Juvela et al. 2006) have shown that this form is rather reliable when there is not much
saturation, in the range between low and medium visual extinction (AV = 1− 15m).
If the parameters a and b are not known, and other column density estimates are
not available, only the ratios of the b parameters in different bands can be derived
using the observed surface brightness. However, as the NIR observations provide
also data of the background stars, an extinction map can be made using the NICER
CHAPTER 3. OBSERVING INTERSTELLAR CLOUDS 25
method (Lombardi & Alves 2001). This can then be converted to optical depth and
used as an independent column density estimate when deriving the parameter values,
as shown in Juvela et al. (2006). In practise, Eq. 3.8 is fitted to the data combining
surface brightness and extinction. Once the parameters are obtained for each band,
surface brightness can be converted to column density. We used this method in Paper
IV, where we derived an optical depth map from the surface brightness data.
In principle, the scattered NIR light can give a column density map at arcsecond
resolution. However, as shown in Paper IV, surface brightness observations can be
complicated and column density cannot necessarily be mapped at the resolution of
the NIR observations themselves.
So far, this or similar methods to derive column density from scattered NIR surface
brightness have been used only in a few studies. Juvela et al. (2008) and Juvela
et al. (2009) derived column density maps based on scattered NIR light in Corona
Australis. Juvela et al. (2012b) also compared these data to Herschel dust emission
maps. Nakajima et al. (2008) used a similar method, but they employed the colour
excess of individual stars to obtain an empirical relation between surface brightness
and column density. In Paper IV, we mapped a 1◦×1◦ area of a filament in scattered
NIR light, and converted this into an optical depth map. This is so far the largest
optical depth map obtained with scattered NIR light.
3.3 Deriving clump mass and stability
The mass of a clump can be calculated by summing the pixel values and using the
equation
M =
µmHτνD
2ΩPIX
σν
, (3.10)
where µ is the mean particle weight per H nucleon (1.4), mH the mass of a hydrogen
atom, τν the optical depth at frequency ν, D the distance, ΩPIX the solid angle of a
pixel, and σν opacity, i.e., the absorption cross-section per H atom at frequency ν.
Using molecular line observations, the stability of a clump can be estimated with
the help of the virial mass,
Mvir =
kσ2R
G
, (3.11)
where G is the gravitational constant, R the cloud radius, k a factor depending on the
radial density distribution, and σ the three-dimensional velocity dispersion (MacLaren
et al. 1988). The value of k can be chosen to be, e.g., 1.25, which is between the
values corresponding to radial density distributions ρ(r) = r−1 and ρ(r) = r−2 (e.g.,
Lehtinen et al. 2004). σ is given by the equation
σ =
√
3
(kBTgas
m
+
(∆V 2
8ln2
−
kBTgas
m
))
, (3.12)
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where kB is the Boltzmann constant, Tgas the kinetic gas temperature, m the mean
molecular mass (µmH), m the mass of the molecule used for observations (13CO or
C18O), and ∆V the observed linewidth (FWHM) corrected for opacity line broaden-
ing.
In principle, if the mass of a clump is approximately equal to its virial mass, the
clump is gravitationally stable. If the mass is higher, the clump is collapsing, poten-
tially leading to star formation. The effective value in Eq. 3.12 takes into account
the support by both thermal and turbulent pressure but ignores the potential role of
magnetic fields. If the mass is lower than the virial mass, the clump is not gravita-
tionally bound. In practice, the uncertainties of both the actual and the virial mass
estimates can be large, making the interpretation of the results more complex.
Chapter 4
Simulated observations
In this thesis, the principle of simulated observations is to create a 3D model structure
of the object (e.g., a molecular cloud or some parts of it, such as a filament), and
then use radiative transfer calculations to produce synthetic two-dimensional (2D)
intensity maps at chosen wavelengths. These simulated observations are then con-
verted to temperature and column density maps in a similar manner as in the case of
real observations. We use the term observed to describe quantities that are derived
from the simulated observations, e.g., intensity, spectral index, temperature, column
density, mass, or mass spectra. These observed quantities can then be compared to
the true quantities obtained from the 3D models to estimate observational biases.
A large number of groups and authors have used simulations to study connections
between observed quantities and different aspects of star formation (see, e.g., Smith
et al. 2008; Stamatellos et al. 2007, 2010; Urban et al. 2010; Shetty et al. 2009b,a,
2010). For a review of star formation simulations, see the Proceedings of IAU S270:
Computational Star Formation (Alves et al. 2011). Of particular interest are a histori-
cal perspective on star formation simulations (Larson 2011) and a guide for comparing
simulations and observations (Goodman 2011). Also, André et al. (2013) give a short
review of the advances of recent star formation simulations.
4.1 Magnetohydrodynamic simulations
In this thesis, we use magnetohydrodynamic (MHD) simulations in two of the articles,
Paper I and Paper III, as a basis when estimating the observational biases of core
and filament properties. Here, we give only a short introduction to the vast topic of
MHD, and refer the reader to recent reviews, e.g., McKee & Ostriker (2007). MHD
calculations are commonly run with grid-based and smoothed particle hydrodynamic
(SPH) methods (see Tasker et al. 2008, for a detailed comparison). In the thesis, we
use a grid-based method.
MHD simulations have been shown to produce a good resemblance to the structure
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Figure 4.1: Close-ups of filaments formed in a MHD simulation. The dashed lines
and symbols mark the filament segments used in the analysis. Figure is adapted
from Paper III.
of interstellar clouds (e.g., Padoan et al. 2004, 2006a). When the simulations include
self-gravity, the formation, distribution and structure of even the densest cores can
be studied. The type of MHD simulations used in this thesis, the model of super-
Alfvénic turbulence, has been found to be in good agreement with observations by
several studies (e.g., Padoan et al. 1999; Lunttila et al. 2008; Crutcher et al. 2009;
Collins et al. 2011). Particularly, Padoan et al. (1999) found that MHD models with
high Alfvén Mach number (i.e., moderate magnetic field) agree well with observations,
whereas models with lower Alfvén Mach number (stronger magnetic field) do not.
When examining observational biases in the dust emission coming from molecular
clouds, MHD simulations provide a good basis for realistic modelling. Examples of
structures formed in a MHD simulation are shown in Fig. 4.1.
In this thesis, we use both uniform grids (unigrids) (Padoan & Nordlund 2011)
and hierarchical grids (Collins et al. 2010). Using adaptive mesh refinement (AMR) in
the hierarchical grids allows to use a better resolution in the chosen areas of interest,
and therefore to follow, e.g., the development of individual cores much further than
even with large unigrid calculations (see, e.g., Collins et al. 2010). All the simulations
assumed an isothermal equation of state, and they were first run without gravity
for several shock crossing times, until turbulence is clearly separated from the initial
conditions. After that, the AMR simulations were re-gridded and continued with
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gravity. Different models were produced using different resolutions, density scaling
and simulation times, to simulate different conditions and evolutionary stages of the
cores.
4.2 Modelling structures
Here, we use the term modelling to describe a straightforward, deterministic method
to derive a density structure, as opposed to simulations, where the structure is formed
by a process following a given set of physical laws (the result of which could, also, be
deterministic, but often some randomness is involved). Note, however, that often the
terms modelling and simulations are used interchangeably.
4.2.1 Modelling cores with Bonnor-Ebert spheres
The density structure of dense cores can be modelled with a Bonnor-Ebert sphere
(BES) (Ebert 1955; Bonnor 1956), an isothermal, self-gravitating gas sphere in hy-
drostatic equilibrium and bounded by external pressure. Observations have shown
that a BES is a good model for dense cores (e.g., Alves et al. 2001).
Following the formulation of Bonnor (1956) and Alves et al. (2001), a BES can
be derived by combining the equation of hydrostatic equilibrium and the ideal gas
equation of state. In non-dimensional form, this leads to a variant of the Lane-Emden
equation,
1
ξ2
d
dξ
(
ξ2
dψ
dξ
)
= e−ψ, (4.1)
where ξ is the non-dimensional radial parameter and ψ(ξ) = −ln(ρ/ρc) the gravi-
tational potential, where ρ is the volume density and ρc the volume density at the
centre. Eq. 4.1 can be solved by numerical integration leading to a group of solutions
describable with a single parameter, ξmax, the value of ξ at the outer boundary R of
the core. The core is stable, if ξmax ∼ 6.5, corresponding to a critical centre-to-edge
density contrast of ρc/ρR ∼ 14. With higher ξmax values the core would collapse as
gravitation and external pressure overcome the thermal pressure.
The BESs are based on a case where the gravity and external pressure are balanced
only by thermal pressure. In the case of turbulent motions, rotation of the core, or
magnetic fields, stable cores can have higher density. In Paper I, we use BESs to
model dust emission from dense cores heated by an external radiation field.
4.2.2 Modelling filaments with Plummer profiles
Several recent studies have examined the shape of filament cross-sections (e.g. Nutter
et al. 2008; Arzoumanian et al. 2011; Hill et al. 2011; Juvela et al. 2012c). The
average profiles have been fitted with the so-called Plummer function (Whitworth &
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Ward-Thompson 2001; Plummer 1911), because this function is expected to fit well an
infinite isothermal cylinder in hydrostatic equilibrium (Stodólkiewicz 1963; Ostriker
1964). Non-isothermal conditions, support from magnetic fields, or a collapse of the
central part would all have different effects on the parameters of the function (see,
e.g., Arzoumanian et al. 2011). If the parameters can be reliably determined, they
would give valuable information on the structure formation.
Filament cross-sections, i.e., profiles N(r) can be fitted with the Plummer function
ρp(r) =
ρc
[1 + (r/Rflat)2]p/2
⇒ N(r) = Ap
ρcRflat
[1 + (r/Rflat)2](p−1)/2
(4.2)
(see, e.g., Nutter et al. 2008; Arzoumanian et al. 2011). Ap is calculated with the
equation
Ap =
1
cos i
∫
∞
−∞
du
(1 + u2)p/2
, (4.3)
where the inclination angle is often assumed to be i = 0. The Plummer parameters are
the central density ρc, the size of the flat inner part Rflat, and the power-law exponent
p describing the steepness of the outer parts of the profile. An isothermal cylinder
in hydrostatic equilibrium would have p = 4 (Ostriker 1964). However, observations
typically show more shallow profiles with typical values p ∼ 2 (e.g. Arzoumanian
et al. 2011; Juvela et al. 2012c). Filaments are often seen against non-negligible
diffuse background. Therefore, in Paper II, the cross-sections were fitted together with
a linear background, which adds two additional parameters to the model. A related
parameter, the mass per unit lengthMline, is derived by integrating the column density
over the profile. In Paper II, the profile is measured by extracting column density
cross-sections perpendicular to the filament axis at a fixed interval and aligning these
so that their peaks match, before calculating the median of the cross-sections.
In order to be useful in the evaluation of the different formation theories, the
Plummer parameters should be reliably determined from observations. Noise or low
resolution could bias the parameter estimates. Also, line-of-sight confusion could
cause notable errors. Background structures can be confused with the filament or
they can affect the background estimates. In more severe cases, physically separate
structures can be interpreted as a single filament, leading to physically doubtful re-
sults. We study these observational biases of the Plummer parameters in Paper III.
In addition of using the Plummer function in the analysis, it can also be used
to model filaments as cylindrical structures in three dimensions. The parameters
can be either obtained from observations to model some specific filament, or a set
of parameter values can be used to examine the effect of having different types of
filaments. We have used the first approach in Paper IV and the second in Paper II.
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4.2.3 Physical modelling
The previous two sections described models that follow an analytical form and, as
such, are simplifications of true interstellar structures. Another approach is to base
the models directly on the observed structures. We call this approach ”physical mod-
elling”. The caveat here is that the observations are two-dimensional, whereas the
models often require a 3D description. At least two different approaches can be used
to solve this. One can take an analytical form as a starting point, and modify that ac-
cording to the observations. Alternatively, one can start from the 2D column density
map derived from observations, and add the third dimension by making assumptions
of the line-of-sight (LOS) density distribution. The best approach for each situation
depends on the case and the aims. As examples, we go through the approaches used
for physical modelling in this thesis.
In Paper V, we modelled submm dust emission coming from a ”blob” shaped cloud
having three internal sources and one dense, cold clump. The initial column density
distribution was taken directly from the Herschel column density map. To derive the
3D density distribution, we assumed that the LOS density distribution is Gaussian.
We added radiation sources in the positions of the three known internal sources, in
the middle of the cloud along the LOS. The sourceless cold clump was assumed to
be heated only from the outside, both by the other sources and by the general ISRF.
We used a radiative transfer program (Juvela & Padoan 2003) to calculate the tem-
peratures and surface brightness maps. We optimised the initial density model by
comparing the Herschel observations and the synthetic maps, and scaled the den-
sities, the intensity of the ISRF, and the source luminosities iteratively until they
approximately matched the observations.
In Paper II, we modelled the extinction of NIR light coming from background
stars through a filament. Here, we used an analytical form to model the filament,
but estimated the star colours and stellar density based on observations. The density
distribution of the filament is assumed to follow the Plummer function with a chosen
set of parameters. We use the WFCAM NIR observations as a reference to estimate
the distribution of stars, their average colours and the scatter in their intrinsic colours.
In the simulations, we place background stars in random positions, first with the
observed stellar density, but testing also the effect of higher and lower stellar densities.
We also add noise similar to the noise levels of the observations. The star colours are
reddened depending of the column density of the filament in front of them. In the
simulation, the extinction of each star is calculated, using a low extinction corner as
a reference area to estimate the intrinsic stellar colours. An extinction map can then
be formed by averaging the individual extinction estimates.
In Paper IV, we model the scattered NIR light coming from a filament. We start
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with a cylindrical structure having a radial density profile that follows the Plummer
function. The parameter values are obtained by fitting this function to the median
profile of the observed filament. The initial model is modified by scaling the densities
on each LOS so that the model column density matches the column density derived
from Herschel observations. Thus, the final model is not cylinder symmetric, although
the modifications are relatively small.
4.3 Radiative transfer calculations
Radiative transfer (RT) calculations are designed to solve the radiation field inside the
source and to compute the radiation seen by the observer. Computing the radiative
transfer equation efficiently in 3D is challenging, and several methods have been
proposed, see Steinacker et al. (2013) for more details and for a recent review of RT
calculations.
The MHD simulations (or modelling) produce a density distribution, which can be
used as a starting point for RT calculations. The AMR MHD simulations used in this
thesis can identify gravitationally bound cores, but they do not have the resolution,
nor the detailed physics, needed to follow the formation of protostars. However, to
examine the basic effect of internal heating of the cores, also radiation sources can be
added to the gravitationally bound cores.
RT calculations require models for dust and radiation field properties, e.g., the
dust model of Draine (2003b) and the ISRF model of Mathis et al. (1983). RT
calculations solve the radiation field and the dust temperature in each cell of the
model, independently of the gas temperature used in the MHD simulations. RT
calculations also solve the line-of-sight intensity coming from the cloud by integrating
the RT equation, without the assumption of an optically thin emission. The final
results are the synthetic surface brightness maps at the chosen wavelengths. As a
final step, a chosen level of noise can be added to the surface brightness maps, and
the maps can be convolved to the chosen resolution, corresponding to the selected
instrument settings and the source distance.
The full RT calculation takes into account the background radiation coming from
the ISRF, the radiation coming from the internal sources, and the absorbed and re-
radiated dust emission. In optically thick regions, the RT calculations may require
many iterations to transport the effect of the internal sources outwards. The possibil-
ity to make sub-iterations of separate grids independently can make the calculations
notably faster (Lunttila & Juvela 2012).
RT calculations are used in all the articles of the thesis. The RT calculations of
unigrid models were run with a Monte Carlo radiative transfer program (Juvela &
Padoan 2003), and the AMRmodels with a modification of the program to hierarchical
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grids (Lunttila & Juvela 2012).
4.4 Extracting structures
With the advance of large, high-resolution surveys and simulations, automatic
extraction of structures, e.g., cores and filaments has become a necessity (e.g.,
Men’shchikov et al. 2010; Ward-Thompson et al. 2010; Arzoumanian et al. 2011).
Several methods for extracting structures in 2D and 3D data have been devel-
oped, e.g., Clumpfind (Williams et al. 1994), Dendrograms (Goodman et al. 2009b),
Getsources (Men’shchikov et al. 2012), Getfilaments (Men’shchikov 2013), and Dis-
perse (Sousbie 2011, 2013; Sousbie et al. 2011). See, also, the recent review of André
et al. (2013).
Manual extraction of structures is feasible only in small scale with a limited num-
ber of structures in 2D (as is the case, eg., in Paper II and Paper III). With a large
number of clumps, an automated method is necessary (e.g., in Paper I, or if all the
filaments in Paper III were examined). However, in the case of large models, memory
restrictions can severely limit the use of automated methods in three dimensions.
In Paper I, we used Clumpfind (Williams et al. 1994) to automatically locate
clumps from synthetic column density maps. The reliability of Clumpfind has been de-
bated, especially regarding the shape of the CMF based on the located clumps (Smith
et al. 2008; Goodman et al. 2009b; Pineda et al. 2009). A major problem in Clumpfind
and other automated programs is that even small changes in the numerous param-
eter values can cause notable differences in the located structures. Therefore, the
obtained structures should always be checked by eye to ensure that the results make
sense. Also, the clumps observed in 2D are not necessarily true objects in 3D, because
of projection effects (e.g., Shetty et al. 2010). These effects are not critical when ex-
amining the observational bias in the column densities along the full line-of-sight (as
in Paper I), but should be taken into account when, e.g., trying to derive the CMF
from the observed clumps.
Chapter 5
Summary of the publications
This thesis consists of five journal publications, which are summarised in the following
sections. The contribution of the author in these articles is described in Section 5.6.
Section 5.7 lists the other articles in which the author participated during the PhD
study.
5.1 Paper I - ’Accuracy of core mass estimates in simu-
lated observations of dust emission’
In Paper I, we study the reliability of the mass estimates of molecular cloud cores
derived from observations of FIR and submm dust emission. We use 3D MHD simu-
lations that were performed using both uniform and hierarchical grids. We combine
these with radiative transfer calculations to produce synthetic observations similar to
Herschel surveys. We estimate dust colour temperatures using either different pairs
of wavelengths or a fit to all five Herschel wavelengths. We derive column densities,
and compare the estimated masses with the true values calculated from the model.
We examine also the influence of spatial variations of dust properties and the effect
of embedded heating sources.
Making wrong assumptions of dust opacity κ and its spectral index β can cause
significant systematic bias in the mass estimates. However, the bias is mainly mul-
tiplicative, shifting the whole clump mass spectrum along the mass axis. The shape
of the core mass spectrum is not very sensitive to observational effects. When the
optical depth is higher than for normal cores in hydrostatic equilibrium, the tempera-
ture variations on the line-of-sight can bias the colour temperature estimates and the
derived core masses can be underestimated severely, up to one order of magnitude.
However, if an internal radiation source is already heating the core, the dust in the
core centre is no longer hidden from surface brightness measurements, and the true
mass spectra can be recovered in the observations.
We also study the apparent dust emissivity spectral index β and its dependence
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on temperature variations in the model. This is important because, in principle,
observations of β can provide information on the physical properties of dust grains.
The observed β is underestimated when the temperature varies along the line-of-
sight. The wavelength-dependence of the true β can also bias the observed β. Internal
heating sources produce an inverse T–β correlation which may complicate the analysis
of the intrinsic T -β relation.
Our results are relevant to many current and future Galactic studies, already
conducted with Herschel and continued, e.g., with ALMA. The results suggest caution
in direct physical interpretation of the observed mass spectra and the spectral index
β.
5.2 Paper II - ’Profiling filaments: comparing near-
infrared extinction and submillimetre data in TMC-1’
Interstellar filaments have an important part in star formation. To understand the
structure and formation process of the filaments, their cross-sections, i.e. profiles, are
often examined. These profiles can be fitted with the so-called Plummer function,
which can provide information on the formation and on the current physical state of
the filaments. At the moment this kind of ”profiling” is usually done using submm
observations, especially with Herschel data. When these data are not available, it
would be useful if filament properties could be determined using ground-based NIR
data.
In Paper II, we compare the filament profiles obtained with NIR extinction and
Herschel submm observations in the Taurus molecular cloud, to investigate if reliable
profiles can be derived from NIR observations. We use J-, H-, and K-band data of
a filament to derive an extinction map from colour excesses of background stars. We
use deep observations obtained with WFCAM/UKIRT instrument and compare the
results to lower resolution 2MASS observations. We compare the Plummer profiles
obtained from NIR extinction maps and Herschel dust emission maps. Also, we
present two new methods to derive filament profiles from NIR data: Plummer profile
fits to median AV of stars within certain offset from the filament centre and fits
directly to the AV of individual stars. We use simulations to compare these methods
based on NIR extinction.
In the simulations, the extinction maps and the two new methods give correct
results to within ∼ 10–20 % for moderate densities (ρc = 104–105 cm−3). The direct
fit to the AV of the individual stars usually gives more accurate results than the
extinction map method, and can also work in higher density (up to ρc = 106 cm−3).
In the real observations, the values of the derived Plummer parameters are usually
similar to within a factor of ∼ 2 (maximum differences up to a factor of ∼ 5). The
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parameter values can show significant variation, but the estimates of the filament
mass are usually accurate to within some tens of per cent. The extinction maps
based on deep NIR data give more details, but even 2MASS survey data can be used
to estimate approximate profiles for nearby filaments.
We conclude that NIR extinction maps can be used as an alternative or a com-
plementary method to evaluate filament profiles. Direct fits to the extinction of
individual stars can also serve as a valuable new tool in profiling. However, the pro-
file parameters are not always well constrained, and caution should be taken in the
fitting and in the interpretation of the results. With the help of the independence
of the dust emission and NIR data and the difference in the shapes of the associ-
ated confidence regions, the parameters of cloud filaments can be best constrained by
combining observations of dust emission and extinction.
5.3 Paper III - ’Profiles of interstellar cloud filaments.
Observational effects in synthetic sub-millimetre ob-
servations’
Sub-millimetre observations have suggested that the interstellar cloud filaments have
relatively similar widths and can be described with the so-called Plummer profile.
The shapes of the filament profiles are believed to give evidence for the formation
process and physical state of the filaments.
In Paper III, we use synthetic submm observations to study the observational
uncertainties that affect the filament profiles estimated from observations. We study
biases resulting from radiative transfer effects and from variations of submm dust
emissivity.
We use 3D MHD simulations and radiative transfer calculations to produce submm
surface brightness maps. We estimate column densities based on the synthetic ob-
servations. We select several filaments, and compare the profiles derived from the
estimated column density and the original cloud model.
Our results show that the parameters derived for nearby clouds are correct to
within a few percent, with instrumental noise similar to the Herschel observations.
The radiative transfer effects cause only a minor bias on the results. If the signal-
to-noise ratio is smaller by a factor of four, the errors are significant, and for half of
the chosen filaments the parameter values cannot be constrained. The errors are also
proportional to the cloud distance. Using Herschel resolution and a distance of ∼
400 pc, the model cloud filaments are barely resolved and the errors of the estimated
parameter values are several tens of percent.
We conclude that the Plummer profile parameters are sensitive to noise but, for
nearby clouds, can be determined reliably using, e.g., Herschel data. However, one
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must be cautious about line-of-sight confusion. We found that in the model cloud
used in the study several of the filaments identified from column density maps are
discontinuous structures in three dimensions.
5.4 Paper IV - ’Mapping of interstellar clouds with in-
frared light scattered from dust: TMC-1N’
In Paper IV, we study the TMC-1N filament in the Taurus molecular cloud using
the recently developed method of converting scattered NIR surface brightness to col-
umn density. We use scattered NIR J , H, and K band observations made with
UKIRT/WFCAM instrument and convert the data into an optical depth map using
the method described in Sect. 3.2.3. We examine the usability of this method on larger
scale, by covering an area of 1◦ × 1◦ corresponding to ∼(2.44 pc)2 at the distance of
the Taurus cloud (∼140 pc). This is so far the largest optical depth map derived
from scattered NIR light. We compare the scattered light with NIR extinction and
Herschel observations of submm dust emission. Also, we use 3D radiative transfer
calculations of scattered light to model the filament, and study the radiation field and
differences in grain emissivity between diffuse and dense areas.
The filament can be seen in all NIR bands. The intensity of our observations
of TMC-1N is lower than in previous observations of Corona Australis, reconfirming
the findings that Corona Australis has at least three times stronger radiation field
than the normal ISRF. Our 3D radiative transfer calculations show similar levels of
scattered surface brightness as the observations. However, the assumed level of the
background sky brightness in the simulations can change the results notably.
We derive dust opacity σ(250µm) values 1.7 − 2.4 × 10−25cm2/H, depending on
the assumed dust extinction law. This is twice as high as the earlier results for
diffuse regions, and at the low range of the values derived for dense regions. We
conclude that scattered NIR surface brightness is a useful tool to derive high-resolution
column density maps. However, as our data show, the observations can be complicated
by low-level artefacts. It is important to take this into account when planning the
observations and analysing the data.
5.5 Paper V - ’Multiwavelength study of the high-latitude
cloud L1642: chain of star formation’
In Paper V, we use multiwavelength data to study L1642, one of the two high galactic
latitude (|b| > 30◦) clouds known to have star formation. We present new high-
resolution FIR and submm observations made with Herschel and AKARI satellites
and millimetre observations made with AzTEC/ASTE telescope. We combine these
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with archive continuum data from near-infrared to millimetre wavelengths and with
earlier CO observations. We examine the properties of L1642, especially the large
scale structure, dust properties, and compact sources within the cloud.
L1642 is known to contain two binary T Tauri stars. However, our Herschel
observations, in combination with other data, reveal a more complex sequence of
star formation from a cold clump to young stellar objects at different evolutionary
stages. Object B-3 (2MASS J04351455-1414468) has been previously classified as a
foreground brown dwarf, but our data show that it is more likely a YSO forming
inside L1642.
The Herschel data show striation in the diffuse dust emission around the cloud.
The western region of the cloud has striation towards NE and a larger column density
gradient on the southern side. In contrast, the dense central region has a structure
resembling a bow-shock showing compression from the west, and a filamentary tail
towards east. The differences in the western and the central regions suggest that they
may be spatially distinct, and aligned only in projection. This implies that also the
structure of the cloud can be more complex than previously known.
We examine also the dust properties within the cloud. We obtain dust emis-
sion cross-section per H nucleon values σ(250µm) = 0.65–1.60×10−25cm2/H for the
different areas in the cloud. Modified black body fits to the Herschel and Planck
data give emissivity spectral index β values 1.8–2.0 for the different areas. For the
compact sources the β values are lower and they show an apparent anticorrelation
between T and β. Markov chain Monte Carlo calculations show that the errors of β
and T have strong anticorrelation. Our results also demonstrate the importance of
combining submm Herschel observations with millimetre wavelength Planck data in
constraining the dust property estimates.
5.6 Author’s contribution to the individual papers
In Paper I, the author wrote the article together with M. Juvela. The author wrote
most of the scripts used in Section 3.2, ran a part of the radiative transfer simulations,
and analysed the MHD data. M. Juvela provided the spherically symmetric models
in Section 3.1 and the analysis in Section 3.3, and contributed especially in the
writing of Sections 1, 3.1, and 3.3. P. Padoan provided the unigrid MHD model
and D. Collins the AMR MHD models described in Section 2.1. D. Collins wrote
the description of the MHD models in Section 2.1. The radiative transfer programs
used in the simulations are written by M. Juvela and T. Lunttila, who ran a part of
the radiative transfer simulations and wrote the description of the radiative transfer
program in Section 2.2. The co-authors provided comments during the writing of the
paper. This article has also been used in the PhD thesis of T. Lunttila.
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In Paper II, the author had the main responsibility of writing the article. The
author made the NIR data calibration and wrote a large part of the scripts, with the
assistance of M. Juvela. Also, M. Juvela provided original scripts for the filament
profile analysis and the simulations in Section 6. The author developed further these
scripts, ran the simulations and made all the data analysis. M. Rawlings made the
WFCAM observations and provided comments to the article. The other co-authors
were involved in Herschel observations and provided comments to the article.
In Paper III, the author took part in the data analysis, made part of the figures,
wrote parts of the Sections 4–6, and provided comments to the whole article. M.
Juvela had the main responsibility of writing the article. T. Lunttila ran the radiative
transfer calculations.
In Paper IV, the author had the main responsibility of writing the article. The
author calibrated the WFCAM data and carried out the gradient correction of
Section 2.1.1., including writing the scripts, with the assistance of M. Juvela. The
author wrote the analysis scripts and made all the analysis of the WFCAM data.
M. Juvela provided the Spitzer data processing in Section 4.4 and the radiative
transfer model in Section 5, and contributed especially to the texts of these Sections.
The author ran the simulations and analysed the results. M. Rawlings made the
WFCAM observations and provided comments to the article, especially to Section
2.1. V.-M. Pelkonen was involved with the early reductions of WFCAM data and
provided comments to the article.
In Paper V, the author had the main responsibility of writing the article. The
author made most of the analysis and figures, and the scripts needed for this. M.
Juvela performed the Herschel data calibrations, the MCMC runs in Section 4.6,
the analysis of HI data in Section 5.1, and most of the simulations and analysis
in the Appendix, and wrote part of the text in these Sections. Other co-authors
were involved with the observations, made the Herschel data reductions, provided
the Getsources flux estimates for the clumps, and located and analysed the other
possible YSOs in the Appendix Section B and wrote a part of this Section. They
also provided comments to the article.
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5.7 Publications not included in the thesis
During the PhD studies the author also participated in the preparation of the
following articles not included in the thesis.
Juvela, M.; Malinen, J.; Lunttila, T., 2013, Estimation of high-resolution dust
column density maps. Comparison of modified black-body fits and radiative transfer
modelling, Astronomy & Astrophysics, 553, 113
Ysard, N.; Juvela, M.; Demyk, K.; Guillet, V.; Abergel, A.; Bernard, J.-P.; Malinen,
J.; et al., 2012, Modelling the dust emission from dense interstellar clouds: disentan-
gling the effects of radiative transfer and dust properties, Astronomy & Astrophysics,
542, 21
Juvela, M.; Ristorcelli, I.; Pagani, L.; Doi, Y.; Pelkonen, V.-M.; Marshall, D. J.;
Bernard, J.-P.; Falgarone, E.; Malinen, J.; et al., 2012, Galactic cold cores. III.
General cloud properties, Astronomy & Astrophysics, 541, 12
Planck Collaboration; Ade, P. A. R.; Aghanim, N.; Arnaud, M.; Ashdown,
M.; ...; Malinen, J.; et al., 2011, Planck early results. XXII. The submillime-
tre properties of a sample of Galactic cold clumps, Astronomy & Astrophysics, 536, 22
Juvela, M.; Ristorcelli, I.; Pelkonen, V.-M.; Marshall, D. J.; Montier, L. A.; Bernard,
J.-P.; Paladini, R.; Lunttila, T.; Abergel, A.; André, P.; Dickinson, C.; Dupac, X.;
Malinen, J., et al., 2011, Galactic cold cores II. Herschel study of the extended
dust emission around the first Planck detections, Astronomy & Astrophysics, 527, 111
Juvela, M.; Ristorcelli, I.; Montier, L. A.; Marshall, D. J.; Pelkonen, V.-M.; Mali-
nen, J.; et al. 2010, Galactic cold cores: Herschel study of first Planck detections,
Astronomy & Astrophysics, 518, 93
Chapter 6
Concluding remarks
This thesis concentrates on the initial stages of star formation and the properties of
interstellar dust. We have used large, 3D MHD simulations and radiative transfer
calculations to estimate observational biases of filament, core, and dust properties.
We have compared different observing methods, observations of submm dust emission,
NIR scattering, and extinction based on NIR colour excesses of background stars. We
summarise the main results of the thesis below.
In Paper I, we use large MHD simulations combined with radiative transfer to
estimate the observational biases of interstellar cores. The main results are: (i) for
normal stable cores, the shape of the core mass spectrum is not very sensitive to
observational effects, (ii) for high-density cores, the derived core masses can be un-
derestimated severely, up to one order of magnitude, (iii) an internal radiation source
can make the dust in the core centre visible again, diminishing the observational bias
of the mass spectra, (iv) observations underestimate the emissivity spectral index β
when there are temperature variations along the line-of-sight, and (v) internal heating
sources produce an inverse correlation between colour temperature T and β that may
be difficult to separate from any intrinsic T -β relation of the dust grains.
In Paper II, we compare the filament profiles obtained with NIR extinction and
Herschel submm observations, to investigate if reliable profiles can be derived from
NIR observations. We conclude that NIR extinction maps can be used as an alter-
native or a complementary method to evaluate filament profiles. Direct fits to the
extinction of individual stars can also serve as a valuable new tool in profiling. Com-
bining observations of dust emission and extinction helps to constrain the filament
profile parameters.
In Paper III, we use large MHD simulations combined with radiative transfer to
estimate the observational biases of filament profiles. We conclude that the Plummer
profile parameters are sensitive to noise but, for nearby clouds, can be determined
with good accuracy using, e.g., Herschel data. However, one must be cautious about
line-of-sight confusion, as part of the observed filaments are not continuous structures
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in 3D.
In Paper IV, we study the TMC-1N filament in the Taurus molecular cloud using
the recently developed method of converting the scattered NIR light to column density.
We conclude that NIR scattering can be a useful method to produce high-resolution
maps. However, observations of scattered NIR light can be complicated, as the data
can show low-level artefacts.
In Paper V, we use multiwavelength observations to study the high Galactic lat-
itude cloud L1642. The cloud has a more complex structure and star formation
sequence than revealed by the previous studies. Our results show the strong anticor-
relation between β and T errors and the importance of combining submm Herschel
data with millimetre Planck data in constraining the estimates of the dust properties.
Simulations similar to the ones in Paper I and Paper III can be used to study
various aspects of the ISM and star formation, and different observational methods.
In addition to the Herschel satellite, the simulations can be configured to resemble
any other instrument, e.g., Planck or the high-resolution ALMA interferometer. The
observational biases should be estimated before making interpretations of the obser-
vations. Particularly, the study of filament profiles has a lot of interest currently, as
the filament profile properties can potentially be used to make assumptions of the
fundamental theories of star formation. The study of Paper III should be completed
to a statistical study, including all the filaments in the simulation, especially regard-
ing the line-of-sight confusion. Other MHD simulations could be used to obtain more
evolved filaments and cores, to study the interaction of these structures. Also, new
models for dust, especially in the dense cores, could be utilised. MHD simulations
provide also possibilities to study the time evolution in the clouds, e.g., the evolution
of filaments and the collapse of cores.
Different observing methods based on molecular lines, dust emission, extinction,
and scattering, can be used to obtain a more complete view of the molecular clouds.
As each method has its own source of biases, the use of several methods simultaneously
can help to constrain the results. Multiwavelength observations can bring new insight
even for well-studied regions, as in the case of L1642. We plan to continue the study
of L1642 using scattered NIR light and molecular line data, both already observed.
This cloud provides an interesting object for studies of triggered star formation, as the
birth mechanism of the internal sources is not yet clarified. The Herschel catalog of
cold cores (Juvela et al. 2012c) provides a list of other interesting sources in different
evolutionary stages for further study, e.g., with ALMA.
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